Strecker, George J., Jean-Pierre Wuarin, and F. Edward dence for the presence of GABA A -receptor-mediated synapDudek. GABA A -mediated local synaptic pathways connect neu-tic pathways between SCN neurons. rons in the rat suprachiasmatic nucleus. J. Neurophysiol. 78: 2217Neurophysiol. 78: -2220Neurophysiol. 78: , 1997. The suprachiasmatic nucleus (SCN) in mammals M E T H O D S functions as the biological clock controlling circadian rhythms, but the synaptic circuitry of the SCN is largely unexplored. Most SCN Sprague-Dawley rats were housed under a 12-h light:dark cycle neurons use the neurotransmitter g-aminobutyric acid (GABA), and recordings were made predominantly during the light phase. and anatomic studies indicate many GABAergic synapses and local
tions between SCN neurons were not detected. The GABAergic sured before and after the addition of tetrodotoxin (TTX) to block synapses that comprise the network described here could conceiv-action-potential-dependent synaptic activity. Cumulative amplitude ably be a substrate for the synchronization and amplification of the distributions of inhibitory PSCs (IPSCs) were compared with the circadian rhythm of SCN firing. Alternatively, this circuitry might use of the Kolmogorov-Smirnov test. The one-sample x 2 test was mediate other aspects of clock function such as the integration of used to assess the effect of TTX on IPSC frequency. Data are environmental and physiological information.
generally expressed as means { SE. In TTX and glutamate microapplication experiments, 150-to 200-mm slices were submerged in ACSF and SCN neurons were I N T R O D U C T I O N recorded while being viewed with Nomarski water-immersion optics (Edwards et al. 1989) . Glutamate (1-2 mM; 5-10 mM in Numerous neuroactive substances have been detected in initial experiments) in ACSF was applied by pressure pipette (Ç0.2 s) onto the SCN during recording. Photostimulation experithe suprachiasmatic nucleus (SCN), but only g-aminobuments were performed in 400-mm-thick slices with the use of the tyric acid (GABA)-and glutamate-receptor-mediated postblind-patch technique (Blanton et al. 1989 ). Slices were subsynaptic events have been reported (see Strecker et al. 1995, merged in ACSF containing 250-500 mM caged glutamate [g-(a- for review). It is unknown whether these events originate carboxy-2-nitrobenzyl) ester, trifluoroacetate; Molecular Probes]. from local neurons or from neurons located outside the SCN. Flashes of ultraviolet light (xenon lamp; duration Ç 0.5 ms) were The SCN contains extensive GABAergic terminals and focused from beneath the slice into the SCN to uncage glutamate somata (van den Pol 1986) , and Golgi studies have revealed (Callaway and Katz 1993 electrical stimulation, but this approach could also activate 10 s before and 10 s after the stimulus in the case of microapplicaaxons originating outside the SCN. In the present study, tion. In the photostimulation trials, the duration of the effect was glutamate was used to stimulate neurons without activating shorter because stimulation was more focal, so a shorter poststimuaxons. The postsynaptic currents (PSCs) evoked by gluta-lus interval (2-8 s) was examined.
To assess repeatability, the binomial theorem was applied to mate microstimulation in the SCN provide physiological evi-evaluate whether any series of sequential trials displayed significantly more positive responses than were likely by chance (P õ 0.05). The probability of positive or negative responses was assumed conservatively to be equal (i.e., 0.5). For evaluating a series of trials, a trial with a positive response was defined as having more (P õ 0.2, x 2 test) IPSCs after stimulation. Positive responses so defined showed evoked increases in IPSC frequency by a factor of 2.4 { 0.2 (mean { SE; n Å 81 positive responses) with microapplication, or a factor of 2.6 { 0.2 (n Å 30) with photostimulation. Some cells appeared clearly responsive, but not in enough consecutive trials to achieve significance of repeatability. In these cases, IPSC increases in individual trials were held to more stringent levels of significance (P õ 0.05 rather than 0.2, x 2 test). Thus we defined responsive cells as having either 1) a binomially significant series of responses, with each response at the P õ 0.2 level, or 2) at least three consecutive responses, each at the P õ 0.05 level. Our approach is likely to underestimate the extent of local interactions in the SCN, but provides a reliable minimum value.
R E S U L T S Spontaneous IPSCs were detected in 151 of 152 SCN neurons. Bath application of bicuculline (10 mM) blocked spontaneous IPSCs in 10 of 10 neurons, confirming that the IPSCs were mediated by GABA A receptors. Spontaneous excitatory PSCs (EPSCs) were much less frequently detected (i.e., 15 of 47 SCN neurons).
A dependence of spontaneous IPSCs on action potentials would suggest that active presynaptic neurons were con- cumulative amplitude distribution. Shown is the probability of observing of TTX (1-3 mM) significantly reduced the frequency of IPSCs smaller than or equal to the given amplitude. This cell tended toward IPSCs (P õ 0.005, x 2 test, n Å 7) to 44 { 8% of the pre-a slight decrease in the probability of the largest IPSCs with TTX; however, TTX frequency (Fig. 1) . Cumulative amplitude distributions it did not reach significance. Data are from the same cell. Holding potential: of spontaneous IPSCs revealed a significant reduction by 025 mV. TTX in two of seven cells (Kolmogorov-Smirnov 2-sample test, 1-tailed). These results suggest that at least some spon-each glutamate photolysis stimulus, rather than the burst of taneously firing neurons in the slice formed inhibitory syn-PSCs more commonly seen. As expected, bicuculline apses on the recorded SCN neurons, but these presynaptic blocked all evoked IPSCs (n Å 2 neurons). No EPSCs could neurons were not necessarily in the SCN.
be evoked in 11 of 11 neurons tested with photostimulation. To test for the presence of local synaptic connections more directly, we examined whether microapplication of D I S C U S S I O N glutamate to the SCN could induce GABA-receptor-mediated PSCs in SCN neurons. Unlike electrical stimulation, Experiments showing that TTX reduced the frequency and occasionally the amplitude of IPSCs indicate that at least glutamate is expected to stimulate only somata and dendrites and not axons (Christian and Dudek 1988) . Of 32 cells, 8 some of the neurons responsible for GABAergic synaptic input onto SCN neurons were present in the slices, possibly (25%) responded significantly and reproducibly with increases in IPSC frequency to glutamate microapplied by within the SCN (see also Jiang et al. 1995) . In these experiments it is assumed that cut axons lacking a soma or axon pressure ejection (Fig. 2) . Four additional neurons (i.e., 12 of 32 cells, 38%) showed at least one trial with a significant hillock are less likely to fire spontaneously compared with intact axons connected to SCN somata, which fire spontane-(P õ 0.05, x 2 test) increase in IPSC frequency. Glutamate microapplication failed to evoke EPSCs in 17 of 17 cells.
ously at Ç10 Hz during the day. Our experiments with glutamate microstimulation provide To improve the temporal and spatial characteristics of glutamate application, a second method was used-photoly-more specific evidence that local synaptic pathways exist in the SCN and are predominantly GABAergic. Only GABA Asis of caged glutamate. Of 12 SCN cells tested, 3 (25%) responded to glutamate uncaging inside the SCN with sig-receptor-mediated IPSCs, either spontaneous or locally evoked, were detected in SCN neurons. Spontaneous EPSCs nificant and reproducible increases in IPSC frequency (Fig.  3) , and a 4th cell responded (P õ 0.05 level) repeatedly were also detected, but no EPSCs could be locally evoked.
In both the microapplication and photolysis experiments, but not consecutively enough to satisfy statistical reproducibility. Because of the enhanced temporal and spatial resolu-25% of neurons displayed local GABAergic input. This is likely to be a lower bound, given the stringency of our tion with this method, we were able to observe one other neuron that repeatedly displayed a single IPSC 25 ms after criteria for the identification of responsive cells and the par-LOCAL SYNAPTIC PATHWAYS IN THE SUPRACHIASMATIC NUCLEUS tial deafferentation that is characteristic of slice preparations. It is unlikely that glutamate microapplication caused synaptic release by direct action through metabotropic receptors on presynaptic terminals. Such receptors in mammals are typically found to inhibit IPSCs (Desai et al. 1994; Jouvenceau et al. 1995; Llano and Marty 1995; Schrader and Tasker 1997) .
The GABA-mediated synaptic network demonstrated here has important implications for SCN function. This network might be involved in the synchronization of the circadian rhythm of neuronal firing. SCN neurons fire at a higher rate during the day than at night (Inouye and Kawamura 1979). Although GABA is typically inhibitory, action potentials can be initiated in other regions by synaptically mediated postinhibitory rebound (see Llinás 1988 for review). GABA-mediated synaptic currents in the SCN also might lead to action potentials and synchronize neuronal activity. Recent evidence suggests that GABA excites SCN neurons during the day and inhibits them during the night, because of shifts in the chloride equilibrium potential (Wagner et al. 1997) . Thus this network might be used to synchronize SCN neurons or to increase the amplitude of the circadian change in firing frequency. Alternatively, it might be involved in phase shifting or in the integration of environmental information rather than in the rhythm of firing per se.
